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Respiratory syncytial virus (RSV) invades host cells via a type I fusion (F) glycoprotein that undergoes
dramatic structural rearrangements during the fusion process. Neutralizing monoclonal antibodies, such as
101F, palivizumab, and motavizumab, target two major antigenic sites on the RSV F glycoprotein. The
structures of these sites as peptide complexes with motavizumab and 101F have been previously determined,
but a structure for the trimeric RSV F glycoprotein ectodomain has remained elusive. To address this issue,
we undertook structural and biophysical studies on stable ectodomain constructs. Here, we present the 2.8-A
crystal structure of the trimeric RSV F ectodomain in its postfusion conformation. The structure revealed that
the 101F and motavizumab epitopes are present in the postfusion state and that their conformations are
similar to those observed in the antibody-bound peptide structures. Both antibodies bound the postfusion F
glycoprotein with high affinity in surface plasmon resonance experiments. Modeling of the antibodies bound to
the F glycoprotein predicts that the 101F epitope is larger than the linear peptide and restricted to a single
protomer in the trimer, whereas motavizumab likely contacts residues on two protomers, indicating a quater-
nary epitope. Mechanistically, these results suggest that 101F and motavizumab can bind to multiple confor-
mations of the fusion glycoprotein and can neutralize late in the entry process. The structural preservation of
neutralizing epitopes in the postfusion state suggests that this conformation can elicit neutralizing antibodies

and serve as a useful vaccine antigen.

Respiratory syncytial virus (RSV) belongs to the family
Paramyxoviridae of RNA viruses. RSV, human metapneumo-
virus, pneumonia virus of mice (PVM), and avian pneumovi-
ruses form the subfamily Pneumovirinae. RSV is a leading
cause of pneumonia and bronchiolitis in infants and the elderly
and is estimated to cause 30 million lower respiratory tract
infections and more than 60,000 deaths worldwide each year
(32). This global health burden could be ameliorated by an
effective vaccine, but one does not currently exist. A series of
RSV vaccine trials in the 1960s that evaluated an alum-precip-
itated formalin-inactivated whole virus did not prevent infec-
tion and caused enhanced disease severity upon natural RSV
infection (11, 20, 22, 23), in part due to poor elicitation of
fusion-inhibiting and neutralizing antibodies (17, 30, 31). Se-
vere disease caused by RSV can be reduced by monthly injec-
tions of the monoclonal antibody palivizumab (Synagis) (21),
but the high cost of treatment restricts its use. Thus, the cre-
ation of a safe and effective RSV vaccine is still urgently
needed.

RSV-neutralizing antibodies target either the attachment
(G) glycoprotein or the fusion (F) glycoprotein (40). The F
glycoprotein is a type I viral fusion protein, a class of entry
machines that includes influenza virus hemagglutinin and
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HIV-1 envelope. Much of our knowledge regarding the struc-
tural rearrangements of type I fusion proteins derives from
crystal structures of the influenza virus hemagglutinin (7, 9, 41)
and paramyxovirus F (10, 39, 43, 44) glycoproteins, which have
been determined in the pre- and postfusion states. Type I
fusion proteins are synthesized as inactive, single-chain poly-
peptides that assemble into trimers. The proteins become ac-
tive after cleavage by host proteases, which liberate a hydro-
phobic stretch of amino acids called the fusion peptide. After
binding to the target cell and subsequent activation, the meta-
stable prefusion protein undergoes a series of dramatic struc-
tural rearrangements that result in the insertion of the fusion
peptide into the target cell membrane, followed by the forma-
tion of a stable helical bundle that forms as the viral and cell
membranes are apposed (reviewed in reference 12).

Unlike most type I viral fusion proteins, the RSV F precur-
sor (F,) is cleaved by a furin-like protease at two sites, which
generates three fragments. The shorter, N-terminal fragment
(F,) is covalently attached to the larger, C-terminal fragment
(F,) by two disulfide bonds. F, is predicted to have two N-gly-
cosylation sites at Asn27 and Asn70, and F, is predicted to
have one N-glycosylation site at Asn500. The intervening frag-
ment of 27 amino acids is predicted to have 2 or 3 N-glycosyl-
ation sites depending on the RSV subtype, but this fragment
dissociates after cleavage and is not found in the mature pro-
tein (6). Neutralizing antibodies, such as palivizumab and
101F, target epitopes that have been mapped to linear regions
in the F; subunit, referred to as antigenic site II and site IV,
respectively (3, 5). The structures of the epitope peptides
bound to 101F and motavizumab, a potent derivative of palivi-
zumab, have been determined (28, 29), and both structures
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suggest that the epitopes are larger than the linear peptides.
Modeling of these epitopes on the RSV F glycoprotein has
been performed using structures of soluble F ectodomains
from paramyxoviruses in the subfamily Paramyxovirinae (43,
44), but low sequence homology decreased modeling accuracy
and limited conclusions that could be drawn.

To obtain structural information on the RSV F glycoprotein
ectodomain, we created a soluble, furin-cleaved ectodomain
construct and determined its structure. Here, we present the
2.8-A crystal structure of the RSV F glycoprotein in the post-
fusion state. The structure reveals that the 101F and motavi-
zumab epitopes exist in the F glycoprotein in conformations
that are similar to the antibody-bound peptide structures.
Binding experiments demonstrate that the postfusion state can
bind 101F and palivizumab with nanomolar affinity and can
bind motavizumab with picomolar affinity. Modeling predicts
the full extent of the epitopes and reveals that 101F interac-
tions are contained within a single protomer, whereas motavi-
zumab recognizes residues on two protomers in the trimer.
These results are discussed in the context of antibody-medi-
ated RSV neutralization and vaccine design.

MATERIALS AND METHODS

RSV F glycoprotein expression and purification. F glycoprotein constructs
were derived from the A2 strain (accession no. P03420) with three naturally
occurring substitutions (P102A, 1379V, and M447V) to enhance expression. A
mammalian codon-optimized gene encoding RSV F AFP (RSV F residues 1 to
513, with fusion peptide residues 137 to 146 deleted [AFP]) with a C-terminal
human rhinovirus (HRV) 3C site, 8 XHis tag, and Streptagll was synthesized by
GeneArt (Regensburg, Germany) and subcloned into a mammalian expression
vector derived from pLEXm (4). Protein was expressed by transient transfection
of HEK293F cells in suspension at 37°C for 4 to 5 days, (Invitrogen, Carlsbad,
CA) and initially purified via Ni>*-nitrilotriacetic acid (NTA) resin (Qiagen,
Valencia, CA) using an elution buffer consisting of 20 mM Tris-HCI, pH 7.5, 200
mM NaCl, and 250 mM imidazole, pH 8.0. The protein was further purified over
StrepTactin resin according to the manufacturer’s instructions (Novagen, Darm-
stadt, Germany). After incubation with HRV 3C protease (Novagen), the pro-
tein was passed back over Ni?*-NTA to remove uncleaved protein and affinity
tags. The protein was further purified on a Superdex 200 gel filtration column
(GE Healthcare) with a running buffer of 2 mM Tris-HCI, pH 7.5, 150 mM NaCl,
and 0.02% NaN3, and the eluted protein was concentrated to ~6 mg/ml. Similar
procedures were used to express and purify the complete RSV F ectodomain
(residues 1 to 513) with a C-terminal Factor Xa site and a 6XHis tag.

Crystallization and data collection. Crystallization conditions were screened
using a Cartesian Honeybee crystallization robot, and initial crystals were grown
by the vapor diffusion method in sitting drops at 20°C by mixing 0.2 pl of RSV
F AFP with 0.2 pl of reservoir solution (20% [wt/vol] polyethylene glycol [PEG]
3000, 0.1 M sodium citrate, pH 5.5). These crystals were manually reproduced in
hanging drops over a range of PEG 3000 concentrations, and large single crystals
were obtained by streak seeding at 14 to 16% PEG 3000. The crystals were flash
frozen in liquid nitrogen in 25% (wt/vol) PEG 3000, 15% (vol/vol) (2R,3R)-
butanediol, and 0.1 M citrate, pH 5.6. Anisotropic data to 2.8 A were collected
at a wavelength of 1.00 A at the SER-CAT beamline ID-22 (Advanced Photon
Source, Argonne National Laboratory).

Crystals were also obtained in 23% (wt/vol) PEG 3000, 0.1 M acetate, pH 4.5,
using a 2:1 protein/reservoir ratio. These crystals were not single, but after being
flash frozen in 26% PEG 3000, 0.1 M acetate, pH 4.5, and 15% (2R,3R)-
butanediol, they diffracted X rays to 3.2 A. Data were collected at a wavelength
of 1.00 A at the SER-CAT beamline ID-22.

Structure determination, model building, and refinement. Diffraction data
were integrated and scaled with the HKL.2000 suite (34) and then processed by
the diffraction anisotropy server (38). A molecular replacement solution for the
P2, data set using the structure of the RSV F six-helix bundle (Protein Data
Bank [PDB] ID 1G2C) (45) as a search model was obtained using PHASER (27).
The initial phases were improved dramatically by PARROT (15) due to the
6-fold noncrystallographic symmetry, and the resulting phases were sufficient for
automatic model building by BUCCANEER (14). Manual model building was
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TABLE 1. X-ray crystallographic data collection and
refinement statistics

Value*
Parameter
RSV F AFP RSV F AFP
PDB ID 3RRR 3RRT
Data collection
Space group P2, P2,2,2,
Cell dimensions
a, b, c (A) 113.2, 131.5, 164.3 71.0, 81.9, 272.0
B () . 103.2
Resolution (A) 50-2.80° 50-3.20
R erge 15.9 (35.3) 20.8 (47.0)
1 /ol 7.5(1.4) 6.0 (1.7)
Completeness (%) 66.6° (16.7) 93.9 (82.3)
Redundancy 32(1.5) 3127
Refinement .
Resolution (A) 2.82 3.15
No. of reflections 71,850 25,927
R0 i/Riree (%) 22.1/26.2 25.3/28.2
No. of atoms
Protein 19,947 10,064
Ligand (NAG) 168 0
B factors
Protein 47.4 75.9
Ligand (NAG) 97.0
RMS deviations _
Bond length (A) 0.005 0.008
Bond angle (°) 0.86 1.09

¢ Values in parentheses are for the highest-resolution shell.

> The high-resolution cutoffs along the reciprocal axes a*, b*, and c* are 2.8,
3.4, and 3.2 A, respectively.

¢The data are >95% congplete to 3.80 A, and the first shell with <50%
completeness is 3.32 to 3.15 A.

carried out using COOT (18), and refinement of individual sites, translation/
libration/screw (TLS) parameters, and group b factors was performed in
PHENIX (1). Final data collection and refinement statistics are presented in
Table 1. All structural images were created using PyMol (The PyMol Molecular
Graphics System, version 1.1; Schrodinger, LLC).

Surface plasmon resonance. All experiments were carried out on a Biacore
3000 instrument (GE Healthcare). RSV F AFP was covalently coupled to a CM5
chip at 330 response units (RU), and a blank surface with no antigen was created
under identical coupling conditions for use as a reference. Antigen-binding
fragments were serially diluted 2-fold, starting at 25 nM, into 10 mM HEPES, pH
7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% polysorbate 20 (HBS-EP) and
injected over the immobilized RSV F AFP and reference cell at 40 pl/min.
The 3.1 nM concentration was performed in duplicate. The data were pro-
cessed with SCRUBBER-2 and double referenced by subtraction of the blank
surface and a blank injection (no analyte). Binding curves were globally fit to
a 1:1 binding model.

Protein structure accession numbers. The atomic coordinates and structure
factors for RSV F AFP have been deposited in the Protein Data Bank with
accession numbers 3RRR and 3RRT.

RESULTS

Crystallization of RSV F in the postfusion state. To obtain
a postfusion state of RSV F, we initially expressed the soluble
ectodomain, residues 1 to 513. This protein expressed well in
HEK293F cells and was efficiently cleaved into F, and F,
subunits but eluted as a broad, high-molecular-weight peak
from a gel filtration column. This was consistent with previous
reports that demonstrated that cleaved, soluble F glycopro-
teins in the postfusion state aggregate into rosettes of trimers
held together by exposed fusion peptides (6, 13). To prevent
rosette formation, we deleted the first 9 amino acids of the
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FIG. 1. Structure of RSV F AFP in the postfusion state. The RSV F ectodomain with a truncated fusion peptide adopts the postfusion state,
as evidenced by the characteristic postfusion six-helix bundle of N- and C-terminal helices. (Left) Ribbon representation of an F,/F; monomer,
colored from blue to red for the N terminus (term) of F, to the C terminus of F,, respectively. (Middle) Ribbon representation of an F,/F,
monomer colored tan and rotated 90° about the y axis. Stick representations of the N-acetyl-D-glucosamines (NAG) attached to Asn70 and Asn500
are shown, with oxygen atoms colored red and nitrogen atoms colored blue. (Right) Ribbon representation of the trimeric F glycoprotein, with
each F,/F; monomer a different color. The location of the fused membrane is represented by two solid lines.

fusion peptide (residues 137 to 146), which was previously
shown to produce monodispersed trimers in the postfusion state
as judged by electron microscopy (36). This deletion prevented
aggregation by our new construct, called RSV F AFP, which
eluted from a gel filtration column as a symmetrical, monodis-
persed peak with a retention volume consistent with a glycosyl-
ated trimer.

Glycosylated RSV F AFP crystallized under several condi-
tions, and under one of these conditions (20% PEG 3000, 0.1
M citrate, pH 5.5), crystals with at least three different space
groups and unit cell dimensions were obtained. A single crystal
in space group P2,, with cell constants a, 113.2; b, 131.5; c,
164.3 10%; and B, 103.2° diffracted X-rays along one axis to 2.8 A.
The diffraction was anisotropic, with X-rays extending to only
3.2 and 3.5 A along the other two axes, as judged by the
Diffraction Anisotropy Server (38). A partial molecular re-
placement solution was obtained using the structure of the
RSV six-helix bundle as a search model (45). The asymmetric
unit contained two six-helix bundles, and the phases were
greatly improved by 6-fold noncrystallographic symmetry aver-

aging using PARROT, with the figure of merit improving from
0.181 to 0.677 (15). After automatic and manual model build-
ing, the structure was refined to an R.,,/Ryyc. of 22.1%/26.2%
and had good geometry. The two trimers in the asymmetric
unit were similar, with a Ca root mean square deviation
(RMSD) of 0.9 A. This structure was used to solve a second
crystal form of RSV F AFP that crystallized under similar
conditions in space group P2,2,2, with unit cell dimensions a,
71.0; b, 81.9; and c, 272.0 A. Data for this crystal extended to
3.2 A, and the asymmetric unit contained only a single trimer.
This structure was refined to an R, /Ry, of 25.3%/28.2%,
and data collection and refinement statistics for both structures
are presented in Table 1. The structures of the F glycoprotein
in the two different crystal forms are similar (Ca RMSD, 0.9
A), and the first three chains of the higher-resolution structure
are presented and analyzed below.

Structure of postfusion RSV F. The structure of trimeric
RSV F AFP has a cone shape that had previously been ob-
served by electron microscopy (8) (Fig. 1). The presence of the
characteristic six-helix bundle (45), whose formation coincides
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FIG. 2. Neutralizing epitopes on RSV F AFP. Epitopes for motavizumab (antigenic site II), 101F (antigenic site IV), and 131-2a (antigenic site
I) are solvent exposed and in conformations compatible with antibody binding. Residues 254 to 277 are colored red (antigenic site II), residues
429 to 437 are colored blue (antigenic site IV), and atoms in Pro389 are shown as spheres (antigenic site I).

with membrane fusion, confirms that the structure is in the
postfusion state. All of the residues in F, had good electron
density and were modeled, with the exception of the C-termi-
nal 11 amino acids that precede the first furin cleavage site. All
of the residues in F, were modeled with the exception of 9
residues that form a loop between Cys322 and Cys333. This
loop resides at the top of the molecule and is disordered in all
six chains in the asymmetric unit, suggesting that the loop is
flexible. The truncated fusion peptide has been modeled in one
of the three protomers in each trimer, and it forms an unstruc-
tured coil that is held in place by a lattice contact. Electron
density is also observed for the proximal N-acetyl-D-glucos-
amine moiety attached to Asn70 and Asn500, which are two of
the three N-linked glycan sites on the mature protein. The
electron density around Asn27 is weak, however, likely due to
its proximity to the N terminus of F, (GIn26), and thus a third
N-acetyl-D-glucosamine moiety was not modeled. The mature
F glycoprotein contains 7 disulfide bonds, 4 of which are highly
conserved in all F glycoproteins from the family Paramyxoviri-
dae. For the remaining three disulfide bonds that are con-
served in the subfamily Pneumovirinae but not the subfamily
Paramyxovirinae F glycoproteins, the RSV F AFP structure
reveals disulfide bonds formed between Cys37-Cys439, Cys313-
Cys343, and Cys322-Cys333, confirming the predicted arrange-
ment (16).

The postfusion structure also revealed that the motavizumab
and 101F epitopes (sites II and IV) are solvent exposed and in
conformations that are similar to those observed in the anti-

body-bound peptide structures (28, 29) (Fig. 2). In addition,
Pro389, whose mutation leads to loss of binding by antibodies
targeted to antigenic site I (25), resides at the tip of a loop on
the top of the F glycoprotein (Fig. 2). The locations, exposures,
and conformations of these three antigenic sites suggested that
the postfusion F conformation is capable of binding antibodies
directed against these sites. To investigate, surface plasmon
resonance experiments were performed by flowing antigen-
binding fragments of 101F, palivizumab, motavizumab, and the
site I-directed antibody 131-2a (2) over immobilized RSV F
AFP. Both 101F and palivizumab bound the postfusion state
with K, (equilibrium dissociation constant) values of 2.4 nM
and 3.7 nM, respectively (Fig. 3). 131-2a bound with a K, of 3.1
nM, and motavizumab bound with a very low off rate that
resulted in a K, of <0.1 nM (Fig. 3). The affinities of the
antibodies for the postfusion F glycoprotein are similar to
those measured for an F glycoprotein construct designed to be
stabilized in the prefusion conformation (29) (see Fig. S1 in the
supplemental material). Thus, the postfusion conformation of
RSV F is able to bind antibodies that target three distinct
neutralizing epitopes.

Conservation of the 101F epitope. We previously deter-
mined the structure of 101F in complex with a peptide span-
ning RSV F residues 422 to 438, and it revealed that residues
427 to 437 contact the antibody (28). To determine how well
the epitope in the context of the F glycoprotein matched the
antibody-bound peptide epitope, a superposition was per-
formed (Fig. 4A). The alignment revealed that the positions of
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FIG. 3. Binding of neutralizing antibodies to RSV F AFP as measured by surface plasmon resonance. Antibodies 101F, palivizumab, motavi-
zumab, and 131-2a bind tightly to the postfusion conformation of RSV F. For each antigen-binding fragment, five 2-fold dilutions starting at 25
nM were measured, with the 3.1 nM concentration measured in duplicate. The red lines represent the best fit of the kinetic data to a 1:1 binding

model.

the two N-terminal residues differed greatly, but residues 429
to 437 were in similar conformations in both structures, having
a Ca RMSD of 1.0 A. In this range, the position of Phe435
varied the most between the two structures, though it is unclear
whether 101F binding requires a conformational change of
Phe435, because its side chain points away from the antibody in
the complex structure (28). It does, however, form two hydro-
gen bonds with the 101F heavy chain via its backbone nitrogen
and oxygen atoms.

We previously demonstrated that 101F binds to the epitope
peptide approximately 16,000-fold more weakly than to the F
glycoprotein (28), suggesting that the complete epitope con-
tained residues outside the linear region. To investigate, we
modeled the complex of 101F bound to the postfusion F gly-
coprotein using the alignment described above (Fig. 4B). The
resulting model showed that 101F would likely contact addi-
tional residues in the cysteine-rich domain, with the first com-
plementarity-determining region of the light chain (CDR L1)
mediating the majority of the additional interactions (Fig. 4C).
This agrees well with mutagenesis data that showed substitu-
tion of three residues on CDR L1 increased the binding affinity
of a 101F derivative by over 30-fold (A. Del Vecchio, P. Tsui,
P. J. Branigan, L. Conrad, N. Day, C. Liu, R. Sweet, S.-J. Wu,
J. A. Melero, J. Luo, G. Canziani, M. Tornetta, G. Raghuna-
than, and V. Koka, U.S. patent application no. 11,261,356). Of

the 3 residues, only Tyr27D (Kabat numbering (21b); D indi-
cates that this is the 5th residue numbered 27) contacts the
peptide in the complex structure (28), and it buries just 21 A2
at the interface, suggesting that the increased affinity resulting
from the substitution of these 3 residues is due to enhancement
of interactions outside the linear epitope. Our model predicts
that the additional residues on the F glycoprotein may include
amino acids 418 to 423 and 451 to 456. Additional contacts
with residues on the other two protomers in the trimer do not
seem possible, and thus the 101F epitope is likely fully present
in an RSV monomer.

Conservation of the motavizumab epitope. We next com-
pared the structure of the motavizumab epitope in the postfu-
sion state to our previous structure of the peptide epitope in
complex with motavizumab (29). The structures were strikingly
similar, with a Coa. RMSD of 0.4 A for residues 255 to 276 (Fig.
5A). The side chains are also in similar positions, with an
all-atom RMSD of 1.1 A. This result and the unbound struc-
ture of palivizumab (21a) suggest that motavizumab binds the
F glycoprotein with a lock-and-key fit and requires little con-
formational change. This may occur because many of the in-
dividual amino acid changes that were incorporated into
motavizumab were selected because they increased the on-rate
of motavizumab for the F glycoprotein (42), and on-rate en-
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FIG. 4. Structural conservation of the 101F epitope. The 101F epitope on the postfusion RSV F AFP glycoprotein is in a conformation similar
to that of the 101F-bound peptide, and modeling suggests that CDRL1 contacts regions on the F glycoprotein outside the linear epitope.
(A) Least-squares superposition of residues 429 to 437 from RSV F AFP (tan) and the 101F-bound peptide structure (gray) (28) (PDB ID 3045),
as viewed by the antibody. Side chains of residues that contact 101F in the peptide-bound structure are shown as sticks. Oxygen atoms are colored
red; nitrogen atoms are colored blue. (B) Model of 101F bound to RSV F AFP based on the alignment in panel A. The 101F heavy chain is colored
red, and the light chain is colored yellow. RSV F AFP residues 429 to 437 are colored blue. (C) Top view of 101F binding to RSV F AFP. A
transparent molecular surface of 101F is shown over a ribbon representation of the heavy and light chains. The 101F CDRLI is labeled.

hancement is often associated with decreased conformational
change upon binding.

It has been shown that motavizumab binds its epitope pep-
tide approximately 6,000-fold more weakly than the F glyco-
protein (42; G. I. Tous, M. A. Schenerman, J. Casas-Finet, Z.
Wei, and D. S. Pfarr, U.S. patent application 11,230,593), sug-
gesting that its epitope is larger than the helix-loop-helix. This
was further supported by the structure of motavizumab in
complex with the peptide epitope (29), which showed that
Arg29 in the motavizumab light chain made no contact with

A RSV F AFP B

Motavizumab-bound peptide Motavizumab

light chain

Ser255

Motavizumab
heavy chain

the peptide yet provided a 4-fold increase in the on rate com-
pared to the native serine found in palivizumab (42). To in-
vestigate the extent of this epitope, we modeled the complex of
motavizumab bound to the postfusion F glycoprotein using the
Ca alignment of residues 255 to 276 (Fig. 5B). Notably, this
model showed that Arg29 in the motavizumab light chain was
within hydrogen-bonding distance of Asn454 from an F
protomer other than the one that contained the helix-loop-
helix (Fig. 5C). An additional interaction may also be possible
between Asp54 in the motavizumab heavy chain and Lys465 in

FIG. 5. Structural conservation of the motavizumab epitope. The motavizumab epitope on the postfusion RSV F AFP glycoprotein exists in a
conformation that is very similar to that of the motavizumab-bound peptide. A model of motavizumab bound to RSV F AFP suggests that
motavizumab contacts residues on two protomers in the trimer. (A) Least-squares superposition of residues 255 to 276 from RSV F AFP (tan) and
the motavizumab-bound peptide structure (gray) (29) (PDB ID 3IXT) as viewed by the antibody. Side chains of residues that contact motavizumab
in the peptide-bound structure are shown as sticks. Oxygen atoms are colored red; nitrogen atoms are blue. (B) Model of motavizumab bound to
RSV F AFP based on the alignment in panel A. The motavizumab heavy chain is colored green, and the light chain is colored blue. RSV F AFP
residues 254 to 277 are colored red. (C) Close-up of motavizumab binding to RSV F AFP. The helix-loop-helix epitope (red) resides in the tan
protomer, whereas Asn454 and Lys465 are from the pink protomer.
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FIG. 6. Comparison of paramyxovirus F glycoproteins in the postfusion state. Superposition of RSV F AFP with uncleaved PIV3 and NDV F,
glycoproteins reveals that the structures are similar, though differences in the region containing the motavizumab epitope exist. RSV F AFP is
colored tan, PIV3 F (43) (PDB ID 1ZTM) is colored magenta, NDV F,, (39) (PDB ID 3MAW) is colored blue, and all structures are shown as
Ca ribbons. The boxed images magnify the regions containing the motavizumab epitope.

the same F protomer that contains Asn454, though this would
require rotation of Asp54 in the motavizumab heavy chain.
Collectively, these results suggest that the motavizumab epitope is
more complex than the helix-loop-helix and is quaternary in na-
ture, involving at least two F protomers in the trimer.

Comparison to other paramyxovirus postfusion structures.
Alignment of the RSV F postfusion structure with the homol-
ogous parainfluenza virus 3 (PIV3) and Newcastle disease vi-
rus (NDV) F postfusion structures reveals that the overall folds
of the proteins are similar (Fig. 6), despite sharing less than
15% sequence identity (37) (see Fig. S2 and S3 in the supple-
mental material). The motavizumab epitope, however, is one
region that is in a different conformation in the RSV structure
than in the PIV3 and NDV structures. In the related struc-
tures, the homologous region does not contain antiparallel
alpha helices but rather perpendicular alpha helices (Fig. 6).
Interestingly, in the prefusion PIVS structure, this region exists
in a helix-loop-helix conformation that resembles the motavi-
zumab bound state (29). This suggests that in parainfluenza
virus F glycoproteins, this epitope is distorted during the
structural rearrangement from the pre- to the postfusion
state, though it is difficult to be certain in the absence of
either a postfusion PIVS structure or a prefusion PIV3 or
NDV structure.

DISCUSSION

The structure of the RSV F glycoprotein ectodomain in the
postfusion state provides a look at neutralizing epitopes in the
context of the trimeric protein (Fig. 2). We also demonstrate
that antibodies targeting three antigenic sites on the F glyco-
protein bind tightly to this defined state (Fig. 3), which has
implications for their mechanisms of neutralization. Though
we demonstrate binding to the postfusion state, these antibod-
ies must neutralize prior to membrane fusion and formation of
the six-helix bundle, and therefore, we infer that they can bind
intermediate states that at least partially resemble the postfu-
sion conformation. Recently, Magro et al. showed that 101F
and an antibody specific for antigenic site II bound virus before
incubation with target cells, remained bound during ultracen-
trifugation, and neutralized the virus (26). This result is con-
sistent with 101F and motavizumab being able to bind the
prefusion conformation, as well. Thus, 101F and motavizumab
can likely bind the fusion glycoprotein in the prefusion,
postfusion, and intermediate states, which results from their
epitopes residing in domains that are not expected to undergo
large structural rearrangements during the fusion process (44).
This is different from the modes of action of other RSV-
neutralizing compounds, such as antigenic site I-directed anti-
bodies, which appear not to bind the prefusion state (26), and



Vor. 85, 2011

Viral membrane

POSTFUSION RSV F GLYCOPROTEIN STRUCTURE 7795

L | |

—> —>
| | L l | Il
Cell membrane Fused membrane
Molecule Pre-fusion Intermediate Post-fusion
101F Binds Binds Binds
Motavizumab Binds Binds Binds
131-2a No Binds Binds
HRB peptides No Binds No
TMC353121 No Binds No

FIG. 7. Binding of RSV-neutralizing molecules to different F glycoprotein conformations. A schematic of the RSV F glycoprotein in the
prefusion, intermediate, and postfusion states is shown, along with a table indicating whether various RSV-neutralizing molecules are expected to
bind the different states. The green cylinders represent heptad repeat B (HRB), the red ovals represent domains I and IT and the portion of domain
III that appears to be conformationally static (as described by Yin et al. [44]), and the blue ovals represent the portion of domain III that does
refold to form heptad repeat A (blue cylinders). TMC353121 is a small molecule that inhibits fusion by disrupting formation of the postfusion

six-helix bundle (35).

some small molecules and heptad repeat B-derived peptides
that target various intermediate states of the F glycoprotein
(24, 35) (Fig. 7). Thus, we propose that 101F and motavizumab
are compatible with multiple F glycoprotein conformations
and would not block the structural rearrangements of a soluble
F glycoprotein but, rather, exert their effect only when F is in
the process of opposing two membranes.

The high degree of structural conservation of both the 101F
and motavizumab epitopes in the postfusion state (Fig. 4 and
5) and the demonstration that both antibodies bind tightly to
this protein (Fig. 3) suggest that the postfusion state is capable
of eliciting neutralizing antibodies. This would be in contrast to
some other viral fusion glycoproteins, such as HIV-1 gp41. It
was recently demonstrated that, unlike HIV-1-neutralizing an-
tibodies 2F5 and 4E10, which are thought to target a fusion
intermediate of gp41, nonneutralizing antibodies bind to the
postfusion six-helix bundle conformation (19, 33). Based on
these results, the authors proposed that the postfusion form of
gp41 thus acts as a decoy to assist HIV-1 immune evasion by
inducing an ineffective immune response (19). Therefore, if the
postfusion conformation of RSV F can induce neutralizing
antibodies, which the structure predicts, it suggests that RSV
and HIV-1 have evolved different mechanisms for evading
neutralization. It also suggests that the stable postfusion con-
formation of RSV F may be a better vaccine antigen than the
metastable prefusion state, though potentially deleterious T-
cell epitopes are present in both conformations.
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